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Introduction
, pressure gradients also appear coupled to chemical 48 potential ones in mass transfer phenomena. Deformation of the structure inherent to the drying 49 process usually involves irreversible breakages of plasma membranes, the bindings between 50 adjacent cells and/or, in the particular case of plant tissue, the bindings between the protoplast 51 and the cell wall. These breakages may also be given as a result of the crystallization of those 52 solutes that appeared originally dissolved in the liquid phase of the product. The incidence of 53 such breakages would be affected by the degree of stiffness of the structure, so that this impact 54 will be greater in rigid structures than in flexible ones. Despite everything mentioned above, 55 mathematical models traditionally employed in the kinetic study of mass transport through plant 56 tissues tend to simplify the complexity and heterogeneity inherent to biological materials (Fito et 57 al., 2008) . Furthermore, thermodynamic and kinetic models that describe the diffusional mechanism in liquids or ideal gaseous systems when are closed to equilibrium are often applied to foods with colloidal or cellular structure that are far from thermodynamic equilibrium (Bird et M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT al., 2002) . In spite of their limitations, the resulting equations are easy to use and have been 61 proven to predict with reasonable accuracy changes over time in the moisture content of several foods submitted to convective drying, as well as to evaluate the effect of different processing 63 variables (Dinani et al., 2014; Guo et al., 2014; Mwithiga & Olwal, 2005; Shi et al., 2013; Vega 64 et al., 2007) . It is even common to find equations that incorporate shrinkage in an approximate M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT
Materials and methods
92
2.1. Raw material relative humidity, as well as an electronic balance connected to a computer for continuous 116 recording of the samples weight.
117
For this study, apple slices were place inside the drying chamber in a direction 118 perpendicular to the air flow and air conditions were set so that its temperature was 30, 40 or 50 M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT process). Each drying treatment was carried out in triplicate until the moisture content of the and vacuum impregnated apple slices, apart from recording the samples weight along the process. Mass change was recorded along the process and employed to calculate the molar
t ୬ in g, S being the surface of the section perpendicular to the flow direction in m ଶ and MW ୵
129
being the molecular weight of water (18 g/mol).
130
Moreover, experimental measurements of ambient air temperature and relative humidity
131
(T ୟ୫ୠ and φ ୟ୫ୠ , respectively) were used to estimate by Eq. (2) 
144
distributed in the samples, but also that the samples dehydrated at the same rate on either side of the symmetry axis and that both the water diffusivity and the slice thickness remained constant throughout the drying process. It is worth noting that the diffusional approach was M A N U S C R I P T
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applied to the whole drying process, thus assuming that the water flow was controlled by the 148 food resistance to the internal transport of water. Since the constant drying rate is in fact very short or even inexistent in such foods with an organized cellular structure, this assumption
150
should not increase the difference between experimental data and data predicted by the 151 diffusional approach.
152
From a thermodynamic point of view (Eq. (3), the water flow occurring during the convective 153 drying of a food (J w ) is related to the chemical potential gradient of water between the food and 154 the air stream (∆μ ୵ ) by the phenomenological coefficient of water through the system (L w ).
155
156
In the case of spontaneous transport of water under constant conditions of pressure and 158 temperature, free energy consumed for water transport (J/mol) would be calculated from the
159
water activity gradient between the food and the external phase in contact with it (Eq. (4)):
162
R being the universal gas constant (8.31 J/mol·K), T being the system absolute temperature
163
(K), φ being the drying air relative humidity expressed as a fraction and a w being the water 164 activity of the food submitted to the drying process.
165
When also considering pressure differences between the different phases making up the 166 system (as in the case of existing cell turgor), partial molar free energy available for 167 spontaneous transport of water between two points of the system (J/mol) would be calculated 168 according to Eq. (5).
169
170
V ୵ തതതത being the partial molar volume of water.
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If finally, as in most cases, the free energy available to water transport (J/mol) is conditioned 
182
(L ୵ ୡୟ୪ ) (Eq. (7)) will be higher or lower than the real ones (L ୵ ) (Eq. (8)) depending on the 183 contribution of cell turgor and deformation/relaxation phenomena to water transport.
184
185
186
Once L ୵ ୡୟ୪ and L ୵ values have been calculated, it is possible to estimate the molar energy 187 employed by samples in deforming and/or relaxing structures during hot air drying (Eq. (9)).
189
1 L ୵ − 1 L ୵ ୡୟ୪ = −V ୵ തതതത • (P ୧୬୲ − P ୣ୶୲ ) + V ୵ തതതത • (∆P ୈ + ∆P ୖ ) J ୵(9)
190
Considering only the period from which the cells have completely lost their turgor, one can
191
consider that pressure gradient between the different stages that make up the system are negligible (V ୵ തതതത • (P ୧୬୲ − P ୣ୶୲ ) = 0). Thus, Eq. (9) would be turn into Eq. (10). (0 10, 20, 30, 40, 50, 60, 120, 180, 24, 300, 360, 420, 480 
208
M being the total mass in g and x i being the mass fraction of component i in g/g. Subscripts 0, D
209
and R refer to the product just before drying, the completely dried product and the rehydrated 210 one, respectively. Superscript i refer to water (w) or soluble solids (ss).
211
Additionally, it has been measured the water holding capacity (WHC) of the rehydrated 
219
The moisture content was in most cases estimated gravimetrically from the water 220 evaporated in a vacuum oven (2-3 days at 133 mbar and 63 ºC) by a known amount of sample.
221
Along the drying process, the moisture content of apple slices was calculated at every moment 222 (x ୲ ୵ in g water/ g total mass) from the recorded mass change and the initial moisture content (x ୵ 223 in g water/ g total mass), by applying a dry matter balance (Eq. (15)).
224
225
226
When it was required, the soluble solids content of samples (x ss , in g solutes/ g total mass) 
239
and subsequent incineration in a muffle furnace at 550 ºC until white ashes were obtained.
240
Then, the ashes were collected with extra pure nitric acid (65% w/v) and dissolved in bidistilled
241
water until concentrations were in the measuring range of the equipment (0-50 ppm).
As described above for the moisture content, both the soluble solids content and the calcium content at any particular moment of the drying process were calculated from the 
294
Regarding the effect of the vacuum impregnation step applied to the samples previously to Ferrando & Spiess, 2002 & 2003 . In a microscopic approach, the application of irreversible 
352
Mean values of the molar energy used both in reversible and/or irreversible deformations of 353 the structure along the drying process are graphed in Fig. 3 . As deduced from the shape of the 354 curves, the amount of energy employed by the system in deforming the structure increased as 355 the drying progressed and decreased more or less sharply after reaching a maximum value.
356
Regarding the vacuum impregnation of the samples, it significantly reduced the molar energy
357
employed by the system in deforming structures. The major contact existing between the liquid fraction and cellular structures in vacuum impregnated samples has been reported to promote the higher solubilization and/or hydrolysis of pectin substances in the cell wall and the middle M A N U S C R I P T Rehydration is often applied to simply assess the damage occurring in the cellular structure 379 during drying and the previous conditioning treatments.
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380
To quantitatively evaluate the effect of different drying conditions on samples behavior 381 during the rehydration process, the empirical model proposed by Peleg for the description of 382 moisture sorption curves (Peleg, 1988) was applied (Eq. (20)):
385
M 0 being the weight of the dried apple slice in g, M t being the weight of the apple slice 386 rehydrated for a time t in g and k 1 (min/g) and k 2 (g -1 ) being the kinetic constants of the process.
In particular, the intercept (k 1 ) is inversely related to the total mass transfer rate (including water M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT
and solutes) and the slope (k 2 ) is inversely related to the maximum gain of total mass along the 389 rehydration process. To be more precise, the maximum gain of total mass along the rehydration process
397
(1/k 2 ), which is closely related to the degree of relaxation of the structure, reached significantly 
407
On the contrary, increasing the concentration of calcium in the food matrix significantly 408 enhanced the irreversible breakage of the structure.
409
In order to have complete information about the amount of water absorbed or the amount of 410 solutes removed during the rehydration process, the three indices proposed by Lewicki (1998) 
411
together with the water holding capacity were also calculated ( • Energy used in deformations is estimated by nonlinear irreversible thermodynamics.
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• Data confirm the coupling between diffusional and deformation-relaxation phenomena.
• Samples behaviour during rehydration confirms the extent of structural damage.
• Apples including calcium were the stiffest and the most damaged during air drying.
